The p27 Kip1 protein is a cyclin-dependent kinase inhibitor that blocks cell division in response to antimitogenic cues. p27 expression is reduced in many human cancers, and p27 functions as a tumor suppressor that exhibits haploinsufficiency in mice. Despite the well characterized role of p27 as a cyclin-dependent kinase inhibitor, its mechanism of tumor suppression is unknown. We used Moloney murine leukemia virus to induce lymphomas in p27؉͞؉ and p27؊͞؊ mice and observed that lymphomagenesis was accelerated in the p27؊͞؊ animals. To identify candidate oncogenes that collaborate with p27 loss, we used a high-throughput strategy to sequence 277 viral insertion sites derived from two distinct sets of p27؊͞؊ lymphomas and determined their chromosomal location by comparison with the Celera and public (Ensembl) mouse genome databases. This analysis identified a remarkable number of putative protooncogenes in these lymphomas, which included loci that were novel as well as those that were overrepresented in p27؊͞؊ tumors. We found that Myc activations occurred more frequently in p27؊͞؊ lymphomas than in p27؉͞؉ tumors. We also characterized insertions within two novel loci: (i) the Jun dimerization protein 2 gene (Jundp2), and (ii) an X-linked locus termed Xpcl1. Each of the loci that we found to be frequently involved in p27؊͞؊ lymphomas represents a candidate oncogene collaborating with p27 loss. This study illustrates the power of high-throughput insertion site analysis in cancer gene discovery.
M
utations in genes that regulate the cell cycle are among the most common genetic changes in cancer cells (1) . Cell cycle genes that promote cell proliferation are often found as dominant oncogenes that have acquired gain-of-function mutations in cancer cells (e.g., cyclin D1). In contrast, components of the cell cycle machinery that normally inhibit cell division act as tumor suppressors and are frequently inactivated in cancer cells (e.g., p53). The p27 protein is a member of the Cip͞Kip family of cyclin-dependent kinase inhibitors and mediates cell cycle arrest in response to diverse antimitogenic signals (2) . Many human cancers show reduced or absent p27 expression compared with normal tissues, and low p27 expression correlates with poor patient outcome in a range of primary tumors (3) (4) (5) . Unlike classic tumor suppressors, intragenic mutations leading to homozygous p27 inactivation are very rare in human cancers, and the mechanisms underlying p27 loss in these tumors appear to be primarily posttranscriptional (6) . Thus despite a large body of data correlating p27 abundance with tumorigenesis, the lack of mutations within the p27 gene in tumors has made it difficult to unambiguously establish that p27 functions as a tumor suppressor in humans.
In mice, however, p27 clearly functions as a tumor suppressor that exhibits haploinsufficiency. p27 knockout mice exhibit a syndrome of gigantism, pituitary and lymphoid hyperplasia, and female sterility (7) (8) (9) . Although p27Ϫ͞Ϫ mice develop pituitary adenomas with 100% penetrance, they do not exhibit a widespread cancer syndrome like those found in mice nullizygous for tumor suppressors such as p53 or p19ARF (10, 11) . However, p27Ϫ͞Ϫ mice develop tumors at a greater frequency than do p27ϩ͞ϩ animals when challenged with radiation or chemical carcinogens, and p27ϩ͞Ϫ animals have a tumor frequency intermediate between p27ϩ͞ϩ and p27Ϫ͞Ϫ animals (12) . Furthermore, loss of p27 in mice cooperates with deletion of the Pten tumor suppressor in the development of prostate cancer, and this cooperativity also exhibits p27 haploinsufficiency (13) . This association of reduced (but not absent) p27 expression with tumor-prone phenotypes in mice supports the idea that reduced p27 expression in human cancers may have similar consequences. p27 expression does not uniformly correlate with markers of cell proliferation in tumors, and its mechanism of tumor suppression remains unclear. We thus sought to identify oncogenes that collaborate with p27 loss to characterize the transformation pathways involved with p27-associated tumorigenesis. We used Moloney murine leukemia virus (M-MuLV) to induce lymphomas in p27Ϫ͞Ϫ and p27ϩ͞ϩ mice. M-MuLV is a nonacute retrovirus that induces neoplasms through insertional mutagenesis (14) . Proviral integration within host cell DNA activates cellular protooncogenes by placing them under the control of viral transcriptional regulatory elements. The principle advantage of this strategy is that the M-MuLV proviruses serve as molecular tags that allow for identification of activated genes that are usually close to the proviral insertion. Because viral insertions occur randomly within host DNA, common sites of viral insertion in multiple independent tumors indicate strong biologic selection for these specific integrations. Common insertion sites (CIS) are thus extremely likely to harbor protooncogenes.
In a landmark study, Copeland and coworkers combined insertional mutagenesis with functional genomics and reported a large-scale analysis of cloned proviral insertion sites that identified more than 90 candidate cancer genes in leukemias arising in AKXD and BXHD mice (15) . M-MuLV has also been used extensively to characterize cooperation between oncogenes in multistep tumorigenesis. For example, M-MuLV infection of E-Myc transgenic mice led to the characterization of several novel oncogenes that cooperate with Myc activation during lymphomagenesis (16, 17) . In these experiments, lymphomagenesis was accelerated in the E-Myc mice compared with the wild-type animals, because the Myc transgene provided the first step in a multistep pathway leading to lymphomas.
We found that M-MuLV-induced lymphomagenesis was greatly accelerated in p27-null mice compared with wild-type animals. We analyzed known M-MuLV targets and found that integrations leading to activation of Myc-related genes occurred more often in p27-null animals, thus identifying Myc activation as an event that may cooperate with p27 loss in lymphomagenesis. To identify additional p27-complementing oncogenes, we performed a large-scale analysis in which 277 insertion sites derived from two independent panels of p27-null lymphomas were sequenced and compared with the mouse genome databases. This analysis reveals a remarkable number of CIS within this group of lymphomas and illustrates the power of highthroughput insertional mutagenesis using the mouse genome sequence in cancer gene discovery. Several of the CIS we identified were overrepresented in the p27-null tumors. Two of these sites were analyzed in further detail: (i) Jundp2, and (ii) an X-linked locus termed Xpcl1 (X-linked p27-complementing locus 1. To our knowledge, this is the first report that Jundp2 functions as a protooncogene.
Materials and Methods
M-MuLV Infection of p27؉͞؉ and p27؊͞؊ Mice. For panel one lymphomas, mice ϩ͞Ϫ for the p27 gene were generated as previously described in C57Bl6 and 129 strains (9) . Crosses between inbred F 0 p27ϩ͞Ϫ parental mice were performed to generate F 1 C57͞B6J ϫ 129͞Sv hybrid littermates that were p27ϩ͞ϩ, p27Ϯ, or p27Ϫ͞Ϫ. Newborn pups were injected i.p. with M-MuLV (1 ϫ 10 7 pfu) [Dusty Miller, Fred Hutchinson Cancer Research Center (FHCRC)] and genotyped as described (9) . Panel two lymphomas were generated in a similar fashion as described (18). Animals were followed for the development of tumors and euthanized when they developed signs of morbidity. At necropsy, tumor tissues were snap frozen in liquid nitrogen.
DNA Isolation and Southern Analysis. Genomic DNA was isolated from frozen M-MuLV-generated tumors and Southern blots prepared (17) . Southern blots were then hybridized to [␣-32 P]-labeled probes generated by random priming. Final wash steps were performed in 0.1ϫ SSC and 0.1% SDS at 60°C. Probe and primer sequences (where applicable) are available on request.
Insertion Site Cloning and Sequencing. Inverse PCR (I-PCR): I-PCR was performed as previously described (15, 17) . I-PCR primers: SacI, KpnI, and HhaI I-PCR; AB827, AB946, and AB949; 5Ј SacII I-PCR, SacII5 (5Ј-CCGTTAAACAGGGAAC-TAGGGT), AB827, AB949; 3Ј SacII I-PCR, SacII3 (5Ј-CTC-CCAATGAGTGCCGGGCCGA), AB946, and AB947 (5Ј-AG-TGATTGACTACCCGTCAGCG-3Ј) (15, 17) . PCR products were subcloned by using Topo cloning (Invitrogen). All sequencing was performed in the FHCRC automated sequencing shared resource.
Splinkerette Method. For panel two proviral flanking sequences, tumor DNA was digested with Sau3AI, ligated to a Splinkerette adapter, and amplified by three PCR steps by using longterminal repeat (LTR) and Splinkerette-specific primers, which are available on request (19) . The resulting PCR fragments were sequenced and BLASTed against mouse genome databases.
Real-Time PCR. Quantitative real-time PCR was performed by using an ABI PRISM 7700 sequence detector (Applied Biosystems). Triplicate 50-l reactions containing 5 l of tumor or control thymic cDNA, 25 l of ϫ2 Taqman Universal Master mix, probe (0.1 M final concentration), and primers (0.2 M final concentration) for Jundp2, Fos, AI464896 expressed sequence tag (EST), and mouse Gapdh were prepared. Samples were cycled in 96-well plates per manufacturer's instructions and data analyzed by using SDS Software (Applied Biosystems). The expression levels for Jundp2, Fos, and AI464896 EST were normalized to Gapdh expression. Probe and primer sequences are available on request.
Immunoperoxidase Staining of Frozen Tumor Sections. Six-micrometer sections of frozen tumor samples were prepared, and then immunocytochemistry was performed by using antibodies to CD3, CD4, CD8, and CD45R͞B220 (PharMingen clones L3T4, Ly-2, 17A2, and RA3-6B2, respectively). Slides were fixed in 10% normal buffered formalin 10 min and then incubated in the following solutions: PBS, 5 min; 100% methanol, 5 min; acetone, 3 min; and PBS ϫ3 for 10 min. Slides were blocked in 2% normal goat serum for 10 min followed by incubation in 1°Ab for 1 hr and then 2°Ab for 30 min (all incubations were performed at 25°C). Signals were then visualized by using the ABC elite kit (Vectastain, Vector Laboratories).
Xpcl1 Genomic Cloning. A mouse genomic lambdaDash II (Stratagene) DNA was obtained from P. Soriano (FHCRC). The phage were grown in ER1647, and nylon replica filters were generated and hybridized to an Xpcl1 probe. Positive plaques were isolated, purified, and subcloned into pBluescript and sequenced by using T7 and SP6 primers.
Results

M-MuLV-Induced Lymphomagenesis Is Accelerated in p27؊͞؊
Animals. We infected neonatal p27Ϫ͞Ϫ, p27Ϯ, and p27ϩ͞ϩ pups with M-MuLV. Mice were killed when moribund, and tissue was banked for molecular and biochemical studies. Lymphomagenesis was significantly accelerated in p27Ϫ͞Ϫ animals (median survival 18 weeks) compared with p27ϩ͞ϩ mice (median survival 35 weeks) (P Ͻ 0.001; Fig. 1 ). The p27ϩ͞Ϫ mice had a survival curve that was moderately accelerated compared with p27ϩ͞ϩ mice, but this did not reach statistical significance (P Ͼ 0.1). Immunophenotypic and histologic analyses demonstrated that lymphomas were almost exclusively of T cell origin. The lymphomas included CD4ϩCD8ϩ, CD4ϩCD8Ϫ, CD4ϪCD8ϩ, and CD4ϪCD8Ϫ immunophenotypes. There were no significant differences in the frequency of lymphoma immunophenotypes between the p27Ϫ͞Ϫ and p27ϩ͞ϩ groups (data not shown).
Increased Frequency of Myc Activations in p27؊͞؊ Lymphomas. We screened 25 p27Ϫ͞Ϫ and 25 p27ϩ͞ϩ lymphoma DNAs by Southern blotting for involvement of previously defined MMuLV CIS. A M-MuLV U3 LTR probe demonstrated that the lymphomas contained between 2 and 12 clonal viral insertions, and the number of insertions did not vary significantly between the p27Ϫ͞Ϫ and p27ϩ͞ϩ groups (data not shown). We then determined the frequency of insertions within several known CIS in these lymphomas. Pim1 and Gfi1 insertions occurred with similar frequencies in p27Ϫ͞Ϫ and p27ϩ͞ϩ mice ( Table 1) . Neither the total number of viral insertions per tumor nor the frequency of CIS such as Gfi1 and Pim1 was increased in the p27Ϫ͞Ϫ lymphomas, indicating that p27 loss does not accelerate lymphomagenesis by increasing the total number of viral insertions in target cells. In contrast, insertional activation of Myc occurred more frequently in p27Ϫ͞Ϫ compared with p27ϩ͞ϩ mice (Table 1 ; P ϭ 0.0031). This overrepresentation of Myc activation in p27Ϫ͞Ϫ lymphomas strongly suggests that Myc cooperates with p27 loss. In support of this idea, synergism between Myc activation and p27 loss was also observed in independent models of Myc-associated lymphomagenesis by Martins and Berns, who observed acceleration of T and B cell lymphomas when p27Ϫ͞Ϫ animals were crossed with strains containing H2K-Myc and E-Myc transgenes, respectively (19) .
Identification of Putative p27-Complementing Oncogenes by High-
Throughput Insertion Site Analyses. To identify novel oncogenic loci in the p27Ϫ͞Ϫ tumors, we applied large-scale sequencing of genomic DNA adjacent to proviruses. The lymphomas used for this analysis were obtained from two independent panels of p27Ϫ͞Ϫ lymphomas. Panel one consisted of the 25 p27Ϫ͞Ϫ lymphomas described above, whereas panel two was composed of 45 p27Ϫ͞Ϫ M-MuLV-induced lymphomas described by Martins and Berns (18). The two panels differed somewhat with regard to strain background, tumor latency, and surface markers. More importantly, however, the panels were quite similar in that in both lymphoma cohorts, p27 loss resulted in acceleration of M-MuLV-induced lymphomagenesis, as well as a high frequency of Myc activations. The insertion site sequences were obtained by I-PCR for panel one lymphomas and by an alternative PCR strategy (Splinkerette; see Materials and Methods) for panel two lymphomas. After the sequence tags were obtained, they were mapped by using both the Celera and public (Ensembl) mouse genome databases.
We sequenced a total of 277 insertion sites from these 70 p27Ϫ͞Ϫ lymphomas. A complete list of these insertion sites is provided in Table 3 , which is published as supporting information on the PNAS web site, www.pnas.org. We used the chromosomal location of these sites to identify candidate CIS (clones that fell within Ϸ100 kb of one another were considered to represent a CIS). The 21 CIS revealed by this analysis are presented in Table 2 . The combination of the two tumor panels led to an increase in the number of CIS identified, as well as an increased frequency of insertions within sites identified in both panels. Remarkably, 35% (96͞277) of all insertion sites represented putative CIS, indicating that a surprisingly large proportion of the viral insertions in these lymphomas may have contributed to their neoplastic progression.
We identified three classes of CIS. The first class represented insertions near or within known M-MuLV protooncogene targets and includes Notch1, Rasgrp1, Gfi1͞Evi5, Myb, NMyc1, Myc͞Pvt1, and Pim1 loci (sites 1-7; Table 2 ) (17, (20) (21) (22) (23) (24) . This group of insertions contained the most commonly identified sites and comprised over half of all sequence tags found within CIS (55͞96, 58%).
The next most frequent group of CIS (24͞96, 25%) overlapped with either known or predicted genes that have not been previously identified as CIS (sites 8-15; Table 2 ). Examples include Jundp2 and a novel SH3 domain-containing protein. The final class of insertions fell between annotated genes (20-200 kb distance). These insertions comprised Ϸ18% of all CIS identified (17͞96, sites 16-22; Table 2 ).
For CIS that were near or within genes (classes 1 and 2), it is likely that the indicated genes are the targets of the integrations, although not all of the predicted genes have been experimentally determined to represent bona fide genes. For CIS that fell between genes (class 3), the target is less clear, particularly because proviruses in this class are quite distant from the closest mapped genes. In all cases, however, the putative targets must be validated by direct examination of mRNA in tumors containing the relevant viral insertions.
Identification of Jundp2 as a Protooncogene That Is Frequently
Activated in p27؊͞؊ Lymphomas. Site 14 ( Table 2) represented insertions within and flanking Jundp2. Jundp2 is a member of the AP-1 family of b-zip transcription factors and was first cloned through its physical interaction with the Jun protein (24) . More recently, Jundp2 overexpression was found to attenuate p53-dependent apoptosis in response to UV irradiation (25) . Because Jundp2's known biologic activities suggested a link to tumorigenesis, site 14 was chosen for further analysis. By using a Jundp2-specific probe, we detected proviral rearrangements in a total of seven p27Ϫ͞Ϫ and two p27ϩ͞ϩ lymphomas (Table 1) . We have mapped the location of these insertions within Jundp2 by using the Celera database in combination with Southern blotting and grouped them into three clusters (A, B, and C; Fig.  2 ). As shown in Fig. 2 , the proviral insertions in this locus included integrations within (clusters A and B) and flanking (cluster C) Jundp2.
We next examined each cluster for evidence of Jundp2 activation. For clusters A and B, quantitative real-time PCR analysis using a Jundp2 exon 1 probe revealed that five of seven panel one lymphomas with Jundp2 insertions contained increased amounts of Jundp2 mRNA compared with lymphomas without Jundp2 insertions. In contrast, these same tumors did not exhibit increased expression of Fos, the closest linked gene to Jundp2 (Fig.  2C) . Thus the insertions within the Jundp2 locus did not lead to generalized increased expression of all nearby genes but specifically enhanced Jundp2 expression. Two p27-null tumors with Jundp2 insertions did not show increased Jundp2 mRNA levels (tumors 968 and 168). In the case of tumor 168, the viral insertion occurred downstream of the exon 1 probe sequence used for measuring mRNA expression, and the truncated transcript does not contain the first exon (see below). Southern analysis revealed that the rearranged Jundp2 band for 968 was subclonal, thus the low levels of Jundp2 mRNA in this tumor may result from this subclone being underrepresented in this tumor sample.
We next characterized Jundp2 transcripts in two tumors (tumors 168 and 83) with integrations within cluster B to determine whether these insertions also caused Jundp2 activation. The location and orientation of these proviruses suggested that they might activate Jundp2 through promoter insertion, in which transcription initiates within the viral LTR and then splices to Jundp2 exons. Indeed, by using a directed PCR strategy, we cloned chimeric transcripts from cDNA derived from tumors 168 and 83 (data not shown). In each case, the transcript initiated in the LTR and spliced into Jundp2 exon 3 and 4 sequences. Finally, we examined Jundp2 expression by Northern blot in the three panel two lymphomas that contained cluster C insertions. The viruses in these lymphomas are all oriented in the opposite transcriptional orientation from Jundp2, suggesting a mechanism of activation by enhancement of the Jundp2 promoter. Each of these lymphomas showed overexpression of Jundp2 mRNA (data not shown). Thus, our studies revealed that insertions within each of the three clusters (A, B, and C) led to overexpression of Jundp2 mRNA.
Site 21 Represents a Tightly Clustered X-Linked CIS That Is Enriched in
p27؊͞؊ Lymphomas. Site 21 was isolated from 4 p27Ϫ͞Ϫ lymphomas (three panel one lymphomas and one panel two lymphoma) ( Table 2 ). All of these insertions fell within 3 kb of one another. Because such tight clustering is usually indicative of a nearby protooncogene, we analyzed site 21 in more detail. By using a site 21-specific probe, we detected rearrangements in 28% (7͞25) of the panel one p27Ϫ͞Ϫ lymphomas versus 4% (1͞25) of the panel one p27ϩ͞ϩ lymphomas ( Table 1) . The difference in frequency of involvement between the p27Ϫ͞Ϫ and p27ϩ͞ϩ lymphomas was statistically significant (P ϭ 0.022), suggesting that this locus cooperates with p27 loss. Pyr., pyrrolidone; Ub., ubiquitin. *Chromosome. † Celera annotation based on the Celera Mouse Genome Database (CMGD Release 12). ‡ Ensembl annotation based on the Public Mouse Genome Assembly (Ver. 6.3a.1). Both the Celera and Ensembl annotations include megabase (Mb) location, gene number, and annotated gene description. § For clusters falling between genes (sites 16 -21), the nearest annotated genes on either side of the cluster are shown.
We used the Celera database to assemble a genomic map of the site 21 insertion region (Fig. 3A) . This region falls within the mouse X chromosome and is highly syntenic with human Xq26. No known oncogenes or tumor suppressor genes have been mapped in this region. The positions of the four insertions that were sequenced are indicated. These insertions fell in a region relatively underrepresented by known genes. However, there are gaps remaining in the Celera sequence. The nearest known gene is Gpc3, which falls Ϸ200 kb 3Ј to the insertion cluster. There is also a hypothetical POU domain transcription factor gene Ϸ200 kb 5Ј of the insertion cluster. However, there does not appear to be a human X-chromosomal homologue of this predicted gene, and its functional status is unknown.
Because this region of the X chromosome is incompletely sequenced, we obtained an Ϸ20-kb DNA fragment covering this locus from a mouse genomic library. A region of this clone was found to contain a sequence identical to a 505-bp expressed sequence tag (National Center for Biotechnology Information accession no. AI464896) derived from a mouse thymus library (Fig. 3A) . Quantitative PCR showed that all panel one lymphomas with this insertion site contained elevated levels of the AI464896 transcript, demonstrating that the viral insertions activated AI464896 expression (Fig. 3B) . However, AI464896 does not contain an ORF. Three possible explanations are: (i) this insertionally activated EST may function as a noncoding RNA; (ii) this transcript may not be the true target of the insertion cluster; or (iii) it may represent only a partial cDNA. We have designated this locus Xpcl1 (X-linked p27-complementing locus 1) until the insertional target within this region is unambiguously identified.
Discussion
We used proviral tagging in p27Ϫ͞Ϫ mice to identify protooncogenes that cooperate with p27 loss during multistep lymphomagenesis. By screening insertion site sequences from two distinct panels of M-MuLV-induced lymphomas in p27Ϫ͞Ϫ mice against the Celera and public mouse genome databases, we were able to identify a larger number of CIS than were found in each panel individually. Several of these common sites appear to be novel and enriched in p27Ϫ͞Ϫ versus p27ϩ͞ϩ lymphomas. These sites likely harbor genes that on gain or loss of function collaborate with p27 loss.
Multiple studies have suggested that the ability of Myc to abrogate p27 function is a critical mechanism involved with Myc-induced transformation (26) (27) (28) (29) . We were thus surprised to find not only that Myc activations occur in p27Ϫ͞Ϫ lymphomas, but they were found more frequently in the p27Ϫ͞Ϫ group. This strong selection for Myc insertional activation in lymphomas lacking p27 indicates that p27 ''override'' is not the primary mechanism of Myc function in lymphomagenesis. In agreement with this result, Martins and Berns have studied in detail the synergy between Myc activation and p27 loss and found strong cooperation between these two events in T and B cell transgenic Myc models in addition to M-MuLV-induced lymphomas (18). Thus the cooperation between Myc and p27 loss is not unique to M-MuLV-induced lymphomagenesis, but rather is a common feature of p27-associated lymphomas and perhaps other cancers.
We have identified Jundp2 as a target for insertional activation in lymphomas. Although insertions within Jundp2 are enriched in p27Ϫ͞Ϫ lymphomas, Jundp2 activations are not restricted to this group of lymphomas. Several lines of evidence support the identification of Jundp2 as the target gene of the insertions within this region of chromosome 12: (i) most insertions fell directly within Jundp2; (ii) Jundp2-associated insertions were associated with overexpressed Jundp2 mRNA; and (iii) expression of the nearby Fos gene was unaffected. Many of the integrations caused truncation of the Jundp2 protein, although in those cases the b-zip region of the protein was left intact. It is possible that these tumor-specific truncated Jundp2 alleles are selected because they are more potent transforming proteins. However, the fact that many of the lymphomas contained insertions that leave the Jundp2 coding sequence intact indicates that truncation is not required for the oncogenic activity of Jundp2. We found one tumor (772, Fig. 2B ) with elevated Jundp2 expression but without a Jundp2-associated provirus. In this case, it is likely that either a Jundp2-associated provirus was outside of the region encompassed by the Southern analysis presented in Fig. 2 (e.g., in cluster C) or it is also possible that Jundp2 expression was elevated in this lymphoma by a mechanism other then insertional activation.
Karin and coworkers have reported that Jundp2 expression is induced by UV-C irradiation, and that Jundp2 represses p53 transcription by binding to an atypical AP-1 site in the p53 promoter (25) . It is thus tempting to speculate that insertionally activated Jundp2 promotes lymphomagenesis by disabling p53. However, we have no data that directly support this idea. We examined p53 expression in panel one p27Ϫ͞Ϫ lymphomas and were unable to detect p53 protein in those tumors, so we could not determine whether p53 abundance was affected by Jundp2 overexpression (data not shown). We also overexpressed Jundp2 in primary p27ϩ͞ϩ or p27Ϫ͞Ϫ mouse embryo fibroblasts and did not observe phenotypes suggestive of p53 loss, including the ability to form colonies and insensitivity to Myc-induced apoptosis (H.C.H. and B.E.C., unpublished results). Thus the mechanism through which Jundp2 promotes tumorigenesis remains unknown.
Xpcl1 is an X-linked locus that we found to be enriched in p27Ϫ͞Ϫ lymphomas. Integrations within this locus are tightly clustered, strongly suggesting a common target gene. We have identified a candidate transcript corresponding to a mouse EST sequence that is encoded near the insertion sites and overexpressed in all lymphomas containing Xpcl1 insertions. There is significant sequence conservation between the murine Xpcl1 locus and the syntenic human Xq26 region, and sequences homologous to AI464896 and the cloned insertion sites are present in the human Xq26 region (data not shown). However, expressed human transcripts homologous to AI464896 have not been reported in sequence databases. Because Xpcl1 is located within the X chromosome, it is also possible that these insertions could inactivate a tumor suppressor gene in a single step. However, there are no data currently to support the idea that a tumor suppressor resides within the Xpcl1 locus.
The availability of the completed mouse genome has greatly facilitated the process of cancer gene discovery by insertional mutagenesis. The power of this technique is demonstrated by the large number of previously unrecognized CIS found within the p27Ϫ͞Ϫ lymphomas. We arbitrarily defined a region as a putative CIS if two or more independent insertions occurred within a Ϸ100-kb span of DNA. This restriction may omit true CIS that activate a common target gene over greater distances or falsely include clustered insertions that occurred randomly. This analysis also revealed that a surprisingly high percentage of integrations fell within CIS that included both well-characterized and novel loci. Two distinct mouse genome databases are now available: the Celera and the public databases. As shown in Table  2 , the data that we have obtained from these two resources have been quite similar thus far. However, as these databases improve in both coverage and annotation, it is likely that each may have unique advantages for analyzing large sets of insertion site data.
Although the frequency with which sites were sequenced largely reflected the frequency of involvement detected by Southern blotting, this was not always the case. For example, the Pim1 locus was a common target in p27Ϫ͞Ϫ tumors (Table 1) but was found only twice among the 277 sequence tags ( Table 3) . The likelihood of identifying specific insertion sites by the PCR methods we used in this study may thus be influenced by other factors such as the presence of repetitive sequences, restriction site location, etc. Therefore, some CIS may be underrepresented in the collection of insertion site sequences. Using multiple techniques to obtain insertion sites, such as the two methods we describe, may increase the total number of CIS identified by overcoming technical barriers associated with any single method.
We have compared the frequency of site involvement that we observed in p27Ϫ͞Ϫ mice with the utilization of insertion sites observed in related screens in different genetic backgrounds. This series includes approximately 2,000 cloned insertion sites from M-MuLV-induced lymphomas from BXH2, AKXD, EMyc; Pim1Ϫ͞Ϫ; Pim-2Ϫ͞Ϫ, and Cdkn2aϪ͞Ϫ mouse strains (18, 30, 31) . The sites that we identified corresponding to previously known insertion sites ( Table 2 , sites 1-7) were also found frequently in these other screens (e.g., Myc, Gfi1, and Rasgrp1). Several of the novel loci that we have described in Table 2 (sites 8-21) were also cloned frequently in these screens, indicating that they are not likely to be specifically enriched in the p27Ϫ͞Ϫ background (e.g., site 13, SH3 domain protein). In contrast, other CIS that we have identified were found only rarely or not at all in these other genetic backgrounds, further supporting the idea that they are specifically selected for in the p27Ϫ͞Ϫ background. Clones corresponding to Jundp2 and Xpcl1 loci were each found only once among the 2,000 sites. Similarly, several other sites listed in Table 2 were found only once or not at all in the larger insertion site collection (sites 8, 10-12, 15, 16, 19, and 20; Table 2 ). Each of these loci thus represents a potential oncogene that collaborates with p27 loss in lymphomagenesis. However, as the activated genes within these loci are identified, their activity in the setting of p27 loss must be individually tested.
Finally, although we have focused on CIS that are enriched in p27-null lymphomas as being the most likely genes that cooperate with p27 loss, it is important to realize that CIS found in other backgrounds, as well as p27-null lymphomas, may also cooperate with p27 loss. Perhaps in these other genetic backgrounds, it is the p27 pathway that has been mutated. Thus by comparing the CIS involved in diverse genetic backgrounds, a defined set of common pathways may be revealed that are involved in the genesis of a large number of cancers.
